ABSTRACT Feature extraction is of great importance for running states monitoring and performance evaluation of mechanical electro-hydraulic systems (MEHS). However, due to the complexity of the multi-domain energy conversion property of MEHS, especially during the varying operation conditions, it is quite difficult to extract the desired features effectively. In addition, the conventional signals are difficult to be collected and analyzed, as different kinds of coupled information are mixed together. Therefore, based on a power distribution analysis of MEHS, it is found that the change rate of the kinetic energy (CRKE) can be considered as a suitable index for evaluating the performance, such as energy saving and output stationarity of the considered MEHS. In order to characterize the magnitude of CRKE, a cooperation analysis method is proposed by using internal and external features. In the proposed method, the kinetic energy stiffness (KES) is selected as the internal feature, while the instantaneous speed fluctuation (ISF) is chosen as the external feature. According to a Lissajous figure-based information fusion approach and the order tracking technology, a systematic method is developed to obtain the magnitudes of KES and ISF. Furthermore, based on the complementary advantages and mutual relationship of KES and ISF, the performance of MEHS is analyzed under varying operation conditions. The proposed method is verified through experiments with a real rig. The results show that the changes of KES and ISF can effectively reflect the change in the operation condition, and lower KES loss can improve the efficiency of the system and also restrain the ISF.
I. INTRODUCTION
Because of the superior adaptability during comprehensive operation conditions, hydraulic equipment is widely used among vast fields, such as engineering construction, metallurgy, mine, national defense, and material. A large-scale hydraulic equipment in these fields is a multi-domain energy system integrating the characteristics of the mechanics, hydraulics, electrics and control engineering [1] , [2] . In order to highlight these special characteristics, the hydraulic equipment is also named as mechanical electro-hydraulic system (MEHS). In practical engineering, the performance of the energy saving and the output stationarity of MEHS directly affect the product quality and the production costs. Therefore, it is important to monitor the running states and evaluate the performance of MEHS during each operation cycle [2] - [5] , which is the prior condition to guarantee the safety and reliability of MEHS.
The existing methods for running state monitoring and performance evaluation of MEHS normally include the following two parts. 1) Obtain the change mechanism of the running states and the corresponding performance based on the dynamic model of MEHS. 2) Extract the features contained in the response signals by advanced signal processing methods to evaluate the performance of MEHS. The interaction between these two parts plays an important role in state monitoring and performance evaluation. However, the multi-domain energy conversion among subsystems is not clear for MEHS, which brings difficulty to establish the dynamic model. Furthermore, the collected signals including vibration [6] - [8] , pressure [9] , [10] and flow [11] , [12] may only contain a limited amount of the desired information, based on which the global behavior of the system cannot be revealed. Although the power consumption of MEHS directly represents the operation performance of the system, it may be invalid in real engineering. There are two reasons. On one hand, the power of MEHS is calculated based on the multi-energy signals, some of which, however, cannot be collected due to the lack of related sensors (e.g. flow and torque signals). On the other hand, the exiting methods with a simple manner just obtain the partial power consumption of the power source such as the motor and the engine. It cannot be used to evaluate the global performance of the system. Therefore, it is essential to analyze the multi-domain energy conversion of MEHS and explore the comprehensive features containing abundant information of MEHS for evaluating its performance changes.
Similar to the illness generation of human beings, the performance change of a certain machine is generated by some inside-driven factors and is ultimately expressed by the outside forms. Therefore, it is significant to explore the internal and external features of MEHS. In terms of the internal feature, the dynamic stiffness of the system expresses its ability to resist the external stimulations, which just resembles the immunity of the human beings. In this research field, researchers have realized the importance of the dynamic stiffness and conducted some interesting research works. In general, analyzing the running states and performance of a system based on the dynamic stiffness has three advantages. 1) The various-stiffness system has a better control property of energy transfer than constant-stiffness system, which can be changed by altering the dynamic stiffness of the system [13] , [14] . 2) The external operation characteristics of a system are altered along with varying stiffness, such as the speed fluctuation and the output power [15] , [16] .
3) The global stiffness consists of the local stiffness of each subsystem, and the stiffness matching is an effective method to improve the operation performance of the whole system [17] . However, due to the lack of effective measurement methods and the abstraction of dynamic stiffness, there is few research works about the dynamic stiffness in MEHS.
For the external feature of MEHS, the instantaneous speed fluctuation (ISF) is considered. ISF is an important signal source that contains abundant information reflecting the running state of mechanical equipment outside. Several researchers have proposed a number of ISF-based fault diagnosis methods for different equipment. For instance, Stander and Heyns [18] studied the application of ISF in evaluating the performance degradation of gears. Renaudin et al. [19] employed ISF to diagnose the fault of bearings. Gubran and Sinha [20] employed ISF to identify the fault of blade vibration in rotating machinery. Antonopoulos and Hountalas [21] detected the inner heat loss rate and pressure of diesel engine cylinder using ISF. Li et al. [22] extracted ISF from the instantaneous speed signals to diagnose the fault of gearbox. According to the literature reviewed, there are two advantages of ISF compared with the traditional signals such as vibration, pressure, and flow. On one hand, ISF can be measured in an un-embedding way, which does not interfere with system operation. On the other hand, ISF owns a better anti-noise ability compared with other signals. Although there exists a number of interesting ISF-based method, the generation mechanism of ISF in the operation of MEHS is not clear, which limits its application in performance evaluation.
Although the dynamic stiffness and ISF is beneficial in analyzing the performance of MEHS, the aforementioned disadvantages cannot be ignored during the case of individual feature application. By exploring the mutual relationship between the dynamic stiffness and ISF, as well as their own advantages, a cooperation analysis method (CAM) using internal and external features is proposed for state monitoring and performance evaluation of MEHS in this paper.
The contributions of the work can be summarized as follows. Firstly, based on a power distribution analysis of MEHS, it is found that the change rate of the kinetic energy (CRKE) can be considered as a suitable index for evaluating the performance of MEHS. Moreover, it is further shown that the magnitude of CRKE can be characterized via kinetic energy stiffness (KES) as the internal feature and the instantaneous speed fluctuation (ISF) as the external feature. Secondly, a Lissajous figure based information fusion method and the technology of order tracking are developed to characterize the magnitude of KES and ISF. Furthermore, based on the complementary advantages and mutual relationship of KES and ISF, the performance of MEHS can be analyzed effectively under varying operation conditions.
The remaining paper is organized as follows. Section 2 establishes the power distribution of the MEHS. In this section, we find that the rate of the kinetic energy change (CRKE) is important for performance evaluation of MEHS. Section 3 introduces the analysis principle of KES and its graphical detection method. Section 4 dedicates to describing the instantaneous speed measurement and the extraction method of ISF. In Section 5, the proposed analysis method and the feature extraction method are verified by varying operation-condition experiments on the varyingspeed hydraulic rig. Discussions are drawn in Section 6. Conclusions are drawn in Section 7.
The operation of MEHS follows the multi-domain energy conversion including the mechanical energy, electrical energy and hydraulic energy. Among them, the mechanical energy is the product of the torque T and the speed ω. Similarly, the electrical energy is the product of the voltage U and the current i, and the hydraulic energy is the product of the pressure P and the flow Q. According to the power band theory [23] , the voltage U , the pressure P and the torque T are potential variables. The current i, the flow Q and the speed ω are kinetic variables. The potential variables and kinetic variables respectively contribute the potential energy and the kinetic energy to MEHS.
In this paper, the theoretical and experimental works focus on a typical hydraulic system, in which an induction motor drives the pump to control the hydraulic motor under the working load. The multi-domain energy conversion process can be described as follows. Firstly, the induction motor, as an electrical-mechanical energy converting unit, converts the electrical energy derived from the distribution network into the mechanical energy and then drives the hydraulic pump. Secondly, the hydraulic energy is generated by the pump that is the mechanical-hydraulic energy converting unit. Finally, the load is driven by the hydraulic motor, which converts the hydraulic energy to the mechanical energy. During such conversion process, it is inevitable to produce wasted energy and reserved energy due to impedance (R E , R M , R H ) and inductive reactance (L E , L M , L H ) in multi-domain energy subsystems.
B. POWER EQUILIBRIUM EQUATION OF MEHS
From Fig. 1 , we can observe that MEHS consists of the motor-pump (M-P) subsystem I, the pump-hydraulic motor (P-HM) subsystem II and the hydraulic motor-load (HM-L) subsystem III. Therefore, the power equilibrium equations of the local subsystems and the global MEHS can be obtained.
1) POWER EQUILIBRIUM EQUATION OF M-P SUBSYSTEM I
The model of a 3-phase asynchronous motor includes a voltage equation and a torque equilibrium equation. By the coordinate transformation theory, the voltage equation can be transformed into M-T coordinate system [24] .
where U sm is the M-axis stator voltage, U st is the T-axis stator voltage, i sm is the M-axis stator current, i st is the T-axis stator current, i rm is the M-axis rotor current, i rt is the T-axis rotor current, L s is the self-inductor of stator winding, L r is the self-inductor of rotor winding, L m is the mutual-inductor of stator and rotor winding, R s is the stator resistance, R r is the rotor resistance, ω s is the synchronous speed, S is the slip, and n p is the pole pairs. Equation (1) can be further simplified as follows.
where
The torque equilibrium equation of the motor can be written as follows.
where T e is the electromagnetic torque, J e is the equivalent moment of motor, K e is the torsional rigidity of motor-pump coupling, B e is the mechanical damping of motor system, θ e is the output angular displacement of motor, θ p is the output angular displacement of pump, and T r = L r /R r is the time constant of the rotor circuit. The torque equilibrium equation of M-P subsystem is obtained as
where J p is the equivalent moment of pump, B p is the viscous damping of pump, D p is the angular displacement of pump system, P h is the pressure of high-pressure pipe, P l is the pressure of low-pressure pipe.
Once the current matrix i T is multiplied into (2), the equilibrium equation of converting electrical energy to mechanical energy can be represented by
where the item on the left-hand side of the equation defines electrical power derived from the distribution network, the items on the right-hand side respectively show the output mechanical power of the motor, the wasted electrical power of the stator and the rotor, and the reserved electrical power of the motor. If we multiply the motor angular speed ω e into (3), the power equilibrium equation of the motor can be written as
where the item on the left-hand side of the equation represents the output mechanical power of the motor, the items on VOLUME 7, 2019 the right-hand respectively represent the absorbed mechanical power of the pump, the wasted and reserved mechanical power of the motor, and the output CRKE of the motor. After multiplying the angular speed of the pump ω p into (4), the equilibrium equation of converting mechanical power to hydraulic power can be achieved as follows.
where the item on the left-hand side of the equation is the absorbed mechanical power of the pump, the items on the right-hand side are respectively the output hydraulic power of the pump, the wasted power, and the output CRKE of the pump.
2) POWER EQUILIBRIUM EQUATION OF P-HM SUBSYSTEM II
In order to simplify the analysis, the following three assumptions are considered as follows [25] . 1) The pressure loss and dynamic process of hydraulic pipe can be neglected.
2) The leakage of the pump and the hydraulic motor is laminar flow.
3) The pressure pulsation and flow pulsation can be ignored.
In subsystem II, the pump is viewed as the power source of the hydraulic system, which drives the hydraulic motor under working load. The flow continuity equation of the pump is given by
where Q p is the output flow of the pump, V p is the volume of high-pressure chamber for the pump, E ef is the effective bulk modulus of hydraulic oil, C ip is the leakage coefficient of the pump, µ t 0 is the dynamic viscosity, and λ is the viscositytemperature coefficient. The flow continuity equation of the hydraulic motor can be described as follows.
where Q m is the input flow of hydraulic motor, D m is the angular displacement of hydraulic motor, V m is the volume of high-pressure chamber for the hydraulic motor, and C im is the leakage coefficient of the hydraulic motor.
The torque equilibrium equation is shown as follows.
where J m is the equivalent moment of the hydraulic motor, B m is the viscous damping of the hydraulic system, θ m is the output angular displacement of the hydraulic motor, θ l is the output angular displacement of load, K l is the torsional rigidity of hydraulic motor-load coupling. When we substitute (8) into (9) and multiply the hydraulic pressure P h , the hydraulic power equilibrium equation can be shown as follows.
where the item on the left-hand side of the equation is the output hydraulic power of subsystem II, the items on the right-hand side of the equation respectively represent the input power of the hydraulic motor, the wasted power, and the reserved power of the hydraulic system. If the angular speed of the hydraulic motor ω m is multiplied into (10), we can obtain the equilibrium equation of converting hydraulic power to mechanical power as follows.
where the item on the left side of the equation is the input power of the hydraulic motor, the items on the right side of the equation are respectively the output mechanical power, the wasted power, the reserved power, and the output CRKE of the hydraulic motor.
3) POWER EQUILIBRIUM EQUATION OF HM-L SUBSYSTEM III
In subsystem III, the relationship between the hydraulic motor and the load is considered to obtain the torque equilibrium equation as follows.
where J l is the equivalent Moment of load, B l is the mechanical damping of load system, and T l represents the random load.
After multiplying the angular speed of the load ω l into (13), the power equilibrium equation can be inferred as follows.
where the item on the left-hand side of the equation defines the output mechanical power of the hydraulic motor, the items on the right-hand side of the equation are respectively the output mechanical power, the wasted power, and the output CRKE of subsystem III.
4) GLOBAL POWER EQUILIBRIUM EQUATION OF MEHS
It is noted that the global power distribution of MEHS is analyzed with the non-stationary conditions introduced by varying operation conditions like varying lodes and varying speed working conditions. Combined (5), (7), (11), (12), and (14), the global power distribution of MEHS can be shown as follows.
where the item on the left side of the equation shows the input power from distribution network, the items on the right side of the equation respectively denote the output power, the wasted power, the reserved power and the output CRKE of MEHS.
Given (15), it is obvious that MEHS presents a multienergy distribution including the output power, the wasted power, the reserved power and CRKE. Among the aforementioned four parts, the wasted power mainly suffers from the resistance of the impedance in the multi-domain energy system and the leakage of the hydraulic system. The larger impedance and leakage will results in the larger wasted power. The reserved power reflects the anti-impacted ability of system, which is affected by the inductive reactance of the multi-domain energy system, such as the inductance, the stiffness of the coupling, the bulk modulus of the hydraulic oil, etc. In addition, CRKE is related to the energy saving and the output stationarity of MEHS, which is affected by the moment of the inertia and the running states. The increase of CRKE results in an enhanced input power and larger fluctuation of the output speed. Combined the aforementioned special characteristics of MEHS, equation (15) can also be expressed as follows.
where, N cm , N ce , N ch , N sm , N se , N sh are respectively the wasted power and the reserved power from the multi-domain energy system, and dT e /dt, dT p /dt, dT m /dt, dT l /dt respectively represent the CRKE of the motor, the pump, the hydraulic motor as well as the load. According to (16) , CRKE is the key component of global power distribution for MEHS. The low-valued CRKE provides two beneficial effects for MEHS when the analysis is conducted under the non-stationary conditions. 1) The low-valued CRKE is able to reduce the input power of the system and provides a good energy-saving performance for MEHS. 2) CRKE shows the magnitude of the specific property including ISF, which is important for evaluating the output stationarity of MEHS. In other words, CRKE contains abundant information reflecting the running states and performance of MEHS under the multi-domain energy conversion.
By analyzing CRKE of MEHS, the performance of the system can be achieved under varying operation conditions.
III. ANALYSIS PRINCIPLE OF KES FOR MEHS
MEHS is able to possess good performance of the energy saving and the output stationarity if there is a low-valued CRKE. However, it is difficult to measure the amplitude of CRKE. In this section, the internal feature, i.e., KES is proposed to quantify CRKE.
A. ANALYSIS PRINCIPLE OF KES
KES is defined as the ability of output kinetic energy to resist the interference from a specific dynamic stimulation. According to different sources of external stimulation, i.e., the power source and the load, the kinetic energy usually consists of two parts. 1) The kinetic energy of MEHS resists the input of the power source.
2) The output kinetic energy of MEHS resists the input of the load. Therefore, KES can be divided into the forward KES and the reversed KES.
The operation of MEHS follows with the conversion of potential energy and kinetic energy. Based on the power band theory, the generalized potential variable υ consists of the voltage U , the pressure P and the torque T . The generalized flow variable τ includes the current i, the flow Q and the speed ω. Therefore, the forward KES G f and the reversed KES G r can be expressed as follows.
The global power of MEHS includes the local power of its subsystems, and similarly the global KES also contains the local KES. Combined with the local KES, the local forward KES of the subsystems can be written as follows.
where G fe is the forward speed stiffness of the motor, G fp is the forward flow stiffness of the pump, and G fm is the forward speed stiffness of the hydraulic motor. The local reversed KES can be achieved as follows.
where G re , G rp , G rm are respectively the reversed speed stiffness of the motor, the reversed flow stiffness of the pump, and the reversed speed stiffness of the hydraulic motor. When we respectively substitute (18) and (19) into (16), the global power equilibrium equation under external stimulation of the power source and the load can be expressed as follows.
where η e , η p , η m , η l are respectively the state parameters of the motor, the pump, the hydraulic motor and the load, which are related to the running state and the moment of inertia. According to (20) and (21), we can observe that the magnitude of KES has a great influence on CRKE. On one hand, when the load is constant, a large reversed KES protects the output performance from the external impact. On the other hand, when the excitation from power source is constant, a large forward KES will not only reduce CRKE of the system, but also lowers the input power and restrains ISF of the system. Therefore, the reason why the accumulator or other varying-inertia devices are usually used in practical engineering is to change KES of MEHS. If a hydraulic equipment suffers from varying operation conditions such as varying speed and impulse load, the energy-reserved devices will recycle or release energy to improve the energy utilization efficiency and the working performance.
B. GRAPHICAL DETECTION METHOD OF KES
Considering that it is abstract and difficult to measure KES, we propose a graphical detection method of KES in this section.
1) INFORMATION FUSION BASED ON SIGNAL MODULATION
If the amplitude modulation (AM) method is used to process the change rate of the speed, the torque, the pressure and the flow based on sinusoidal signal, the AM signals are obtained as follows.
where A ∈ ω e , Q p , ω m , B ∈ T e , P p , T m , C ∈ i e , ω p , Q m , and ψ A is equal to ψ C . It is supposed that ϕ = ψ A −ψ B and α = ωt +ψ B , and ϕ is the phase difference between the carrier signal of the kinetic and potential energy. Then (22) can be expressed as follows.
According to (23), we can obtain
From (24), we can obtain the equation as follows.
When ϕ is set as 180 degree, (25) can be written as follows.
If the phase difference of carrier signal ϕ is set as 0 degree, (26) can be expressed as follows.
According to (26) and (27) , the Lissajous Figure of KES is able to be plotted in Cartesian coordinate system, which is shown in Fig. 2 . These two lines in Fig. 2 are respectively named as the forward KES line and the reversed KES line whose inclinations describe the value of the forward and the reversed KES. When the forward KES line rotates anticlockwise, the angle α is enlarged, which means that the forward KES is increasing. Meanwhile, when the reversed KES line rotates counter clockwise, the angle β is enlarged, which indicates that the reversed KES is increasing.
2) KES CIRCLE
It is supposed that the KES angles of the three-stage subsystems are ξ M , ξ P , and ξ m respectively. The KES circle can be obtained based on the following equation.
where ξ M ∈ {α M , β M }, ξ P ∈ {α P , β P }, and ξ m ∈ {α m , β m }.
When the KES circles are plotted in the same coordinate system based on (28), we can obtain Fig. 3 as follows.
The circle shown in Fig. 3 represents the local KES and the area of the annulus characterizes the loss of KES. It is worth noting the larger circle expresses the enhanced KES. As the area of the annulus becomes smaller, the connection between the adjacent subsystems tends to be more rigid, which leads to a smaller amount of wasted energy and a lower ISF. In order to quantify the loss of KES, a loss coefficient λ is introduced, which is expressed as follows.
where λ M-P and λ P-m are the loss coefficients of the adjacent subsystems. According to (29) , the total loss coefficient λ can be calculated as follows.
3) IMPLEMENTATION PROCESS
According to the above analysis, the implementation of the proposed graphical detection method for KES is introduced in this section. The flowchart of the method is presented in Fig. 4 and the details are described as follows. First, the multisource signals involve abundant information reflecting the running state of MEHS, and the sensor network is able to collect these signals. For MEHS, it is convenient to collect the signals of the pressure, the speed and the current. However, the signals of the flow and the torque are difficult to capture due to the invaded-type measurement. In addition, the interference of these sensors also adds some extra damp, which further affects the results of analysis [26] . Owing to the soft sensor technology, the signals of the flow and the torque can be obtained by using other easily-measured variables.
Second, different from the differential calculation, the proposed method considers S 0 ∈ ω e 0 , T e 0 , Q p 0 , P p 0 , ω m 0 , T m 0 , i.e., the no-load state as the benchmark. We can further calculate the change rate of the current state S ∈ ω e , T e , Q p , P p , ω m , T m by dS = (S − S 0 )/S 0 .
Third, by modulating the change rate of system state with the unit-amplitude sinusoidal signal, we can first obtain the AM signals shown as (22) . Then, the forward and reversed KES lines can be obtained by setting the phase difference between the carriers to 0 degree and 180 degree. Finally, we take the KES circle of the first stage subsystem as an example. It acquires the AM signals of the KES angle ξ M as follows.
From (31), the diagram of KES circle can be obtained as follows.
Equation (32) shows a circle whose radius is ξ M . The KES circle of the three-stage subsystems can be expressed as follows.
According to (33), we can obtain the diagram of KES circle shown in Fig. 3 .
IV. INSTANTANEOUS SPEED MEASUREMENT AND ISF EXTRACTION
KES is derived from the multi-signal fusion. Because of the difficult measurement of the flow and the torque, it is inconvenient to calculate KES for MEHS in practial engineering. Considering KES as the internal reason of ISF, we view ISF as the external feature to evaluate CRKE. Combined with the VOLUME 7, 2019 changes of KES and ISF, the performance of MEHS from the inside aspect to the outside aspect can be analyzed.
A. MEASUREMENT PRINCIPLE OF INSTANTANEOUS SPEED
The process of instantaneous speed measurement is achieved by using the magneto-electric tachometric sensor. The installation diagram of the sensor is shown in Fig. 5 . From Fig. 5 , the magneto-electric tachometric is installed on the carriage. When the shaft drives the speed disk, its teeth sequentially rotate through the sensor. As a result, the backlash between the sensor and the speed disk changes periodically, and the magnetic flux passing through the sensor is altered. The sinusoidal signal from the sensor is converted into a square wave by a shaping filter. After the process of A/D sampling, the square wave is collected. Based on the aforementioned design, the instantaneous speed is proportional to the instantaneous frequency of the square wave. Thus, the instantaneous speed measurement is the same as the measurement of instantaneous frequency for the square wave.
According to [27] , the instantaneous speed measurement is achieved by means of counting the sampling point. The basic principle diagram is presented as Fig. 6 .
As shown in Fig. 6 , once an addendum and a dedendum of the speed disk pass through the sensor, a square wave during a single period is generated. Then the number of sampling point in a single period is counted, i.e., N = N 1 + N 2 . After the process of counting the sampling point, the instantaneous speed of shaft is calculated by
where Z is the teeth number of the speed disk, f s is the sampling frequency and n is the resultant instantaneous speed.
B. ISF EXTRACTION BASED ON ORDER TRACKING
During the running process of MEHS, the instantaneous speed of the hydraulic motor is typical a non-stationary signal, and so as the ISF signal. In order to extract the ISF components from the collected signals of the instantaneous speed, it is necessary to use the non-stationary signal processing methods to deal with the signals of the instantaneous speed of the hydraulic motor. In the field of machinery fault diagnosis, advanced signal processing methods such as Hilbert Huang transform, wavelet analysis and smooth energy separation are commonly used to process the non-stationary signals. However, these methods may be difficult to extract ISF components from the instantaneous speed. The reason is three-fold. Firstly, the problem of the mode mixing is too serious to obtain the clear time-frequency spectrum of ISF. Secondly, it is confused what physical meanings the components extracted by these methods represent. Thirdly, only using these methods cannot obtain the change of a certain ISF component. Therefore, the technology of the order tracking is introduced to extract ISF components. It is an effective and easy-to-implement tool to overcome the above weakness. In generally, the order tracking can be divided into two steps, i.e., the angle domain transformation and the order component extraction [28] . We will briefly introduce these two steps in this section.
1) ANGLE DOMAIN TRANSFORMATION
According to the definition of Fourier series, the response signal of a rotating machinery can be separated into several sinusoidal signals. In addition, the frequency of the series of sinusoidal signals is the multiple of rotation frequency. Although the rotating frequency is altered with the varying speed, the ratio of harmonic to rotating frequency is constant. Order tracking is an effective method to analyze the signals of the instantaneous speed. It is able to eliminate the frequency modulation of the instantaneous speed [29] .
In this technology, the angle domain transformation converts the non-stationary signals from time domain to angle domain. Thus, the original signal can be viewed as the stationary signal in angle domain [30] , [31] . Then we can use the conventional signal processing method to deal with the signals. Uniform angle partition is the core of the angle domain transformation. In this paper, the speed disk is used to divide the angle. It is supposed that the machining error of the speed disk can be ignored. The teeth of the speed disk are distributed along the circumference. Therefore, the incremental uniform angle can be calculated as follows.
where θ is the incremental uniform angle, Z is the number of the speed disk teeth. The conversion from time domain to angle domain can be obtained by
where T n is the time markers According to the principle of instantaneous speed measurement, the value of the instantaneous speed is the mean speed within a single period, and its corresponding time is determined by the edge of the square wave. Once the addendum and the dedendum of the speed disk pass through the sensor, a certain instantaneous speed is obtained. Meanwhile, the angle mark is the multiple of the uniform angle. Therefore, instead of employing the traditional technology of uniform angle sampling, replacing the time sequence of the instantaneous speed signal with the angle sequence is more convenient to capture the instantaneous speed in angle domain.
2) ORDER TRACKING
Based on the instantaneous speed measurements, we can obtain the signals of ISF in angle domain. Meanwhile, ISF is extracted by the methods of short-time Fourier transform [32] and order component extraction.
In order to capture the local information of ISF, the method of short-time Fourier transform is implemented. Its basic principle is shown in Fig. 7 . The sliding window g (m) is able to capture ISF segments in angle domain. Each ISF segment is analyzed by Fourier transform. Then we can obtain a sequence of the matrices G (l, θ), the dimension of which is O max ×m. Such a sequence of matrices can be expressed as follows.
where x (θ) is the ISF sequence angle domain, N is the length of the signal sequence, and m is the width of sliding window. Secondly, the certain order component can be obtained by
where l 0 is the chosen order component.
V. EXPERIMENT A. VARYING-SPEED HYDRAULIC RIG
Due to the outstanding energy-saving effect and high accuracy, the varying-speed hydraulic technology has been widely applied to the hydraulic equipment. Based on this technology, a relevant experimental rig is shown in Fig. 8 , and its schematic diagram is illustrated in Fig. 9 . As shown in Fig. 9 , the hydraulic oil is first transmitted through the filter and the check valve to set up the pressure by using the pump driven by the varying frequency motor. Then, the pressure oil is transmitted through the change valve to change the rotation direction of the piston motor under the working load. In order to control the speed of the piston motor, the servo controller controls the varying frequency motor to change the output flow of the pump. Besides, the speed of the piston motor is related to the input voltage of the servo controller since the speed change of the piston motor is consistent with the flow of the system. For varying load, the friction moment is changed by controlling VOLUME 7, 2019 the input current of magnetic powder brake. The pressure of the system is related to the input current of the magnetic powder brake.
The servo controller is able to monitor the state of the motor, and output its torque T e and speed ω e in real time. The pressure and flow sensors installed near outlet of the pump can measure the output pressure P p and flow Q p . The speed disk is mounted on the output shaft of the piston motor by pressing on the coupling. When the piston motor operates with load, the speed disk rotates with the output shaft of the piston motor. Its speed ω m can be obtained by using the magneto-electric tachometric sensor, which could collect the speed information in form of the square wave signal. Different from the torque signal, it is not easy to detect the output torque in practical engineering because of invadedtype measurement. To overcome this difficulty, the soft sensor method is employed, based on which the information of the output torque can be achieved by the equation
. These signals are transmitted to the AM unit and the information fusion system by the signal acquisition system including IPC and DAQ card.
B. CASE I: VARYING-LOAD OPERATION CONDITION
When the input of the power source is constant and the load is changed, KES is mainly derived from the impact of the reversed KES. During this experiment, the rotation speed of the motor is set to 600 r/min. By changing the input current of the magnetic powder brake, the pressure of MEHS is increased from 2.68 MPa to 11.34 MPa. The temperature of the hydraulic oil is 28.41 • . By using the proposed method, the changing process of Lissajous Figure and the alternative curves of the angle of the reversed KES are shown in Fig. 10 . Fig. 10 shows that the reversed KES is increased in turn due to the impact of load transmitting periodically from the load to the power source. Because of the closed-loop control of the servo controller, the reversed speed stiffness of the motor tends to be constant and its value is 26.67 degree. When the system pressure is increased from 2.68 MPa to 11.34 MPa, alternative pressure results in a smaller change in the effective bulk modulus of the hydraulic oil but enlarges the leakage [33] . It also decreases the reversed flow stiffness of the pump from 23.98 degree to 21.74 degree, and the reversed speed stiffness of the hydraulic motor is changed from 19.54 degree to 18.31 degree. Moreover, the KES matching becomes bad and the energy loss is increased from 0.47 to 0.53. The sampling frequency is set to 400 kHz, and the extracted ISF is shown in Fig. 11 . From Fig. 11 , the output speed of the hydraulic motor is decreased from 624.51 r/min to 579.29 r/min when the system pressure is increased from 2.68 MPa to 11.37 MPa. Using the method of order tracking, we find that the ISF of MEHS mainly consists of two parts: 1x ISF (the output ISF of the hydraulic motor) and 0.33x ISF (the output-shaft ISF of the reducer). As the system pressure is increased, the 1x ISF is increased from 0.97 r/min to 3.01 r/min and the 0.33x ISF is increased from 1.83 r/min to 5.82 r/min. Furthermore, the efficiency of the system is decreased from 0.67 to 0.57.
Compared with the results shown in Figs. 10 and 11 , it is obvious that the increasing load enhances the KES loss of the system (from the inside aspect), which reduces the total efficiency and increases the ISF (from the outside aspect). Moreover, the change of internal and external features is consistent with that of the operation condition.
C. CASE II: VARYING-SPEED OPERATION CONDITION
Under the varying-speed operation condition, the input load is constant and the speed of the motor is changed. Therefore, KES of the system is mainly affected by the forward KES. During the process of the experiment, the input voltage of the servo controller is changed following slope, which makes the speed of the motor alter from 200 r/min to 600 r/min. Meanwhile, the input current of the magnetic powder brake is 0. 12 shows that the impact of varying speed of the motor transmits from power resource to load, which leads to the enhanced forward KES in turn. With the speed of motor increasing from 200 r/min to 600 r/min, the volumetric efficiency of the pump and the hydraulic motor is improved and the oil is compressed quickly. Therefore, the forward flow stiffness of the pump is changed from 1.06 degree to 12.29 degree. Moreover, the forward speed stiffness of the hydraulic motor is altered from 88.73 degree to 73.26 degree due to the lower wasted power along with the increasing input speed of MEHS. Moreover, the KES match tends to be better due to the decrease of KES loss from 0.98 to 0.88. The sampling frequency is set to 400 kHz, and the output characteristic of MEHS is shown in Fig. 13 .
According to the results shown in Fig. 13 , the output speed of the hydraulic motor is increased from 182.64 r/min to 611.34 r/min with the speed enhance of the motor. Under the varying-speed condition, the 1x ISF (output-shaft ISF of the hydraulic motor) is decreased from 2.51 r/min to 0.11 r/min. While the 0.33x ISF (output-shaft ISF of the reducer) is increased from 0.25 r/min to 3.83 r/min due to the influence of unbalanced loads. If the effect of the load on MEHS is ignored under the varying-speed condition, ISF of the system will just include the output-shaft ISF of the VOLUME 7, 2019 hydraulic motor, i.e., 1x ISF which will be decreased as the motor speed is increased. Moreover, the efficiency of the system is improved from 0.22 to 0.65. Compared with the results shown in Figs. 12 and 13 , the increasing speed of the motor decreases the total of KES loss inside (from the inside aspect), which decreases ISF of the system but improves the efficiency of system.
VI. DISCUSSION
(1) During the operation of MEHS, the change of the performance is affected by the operation condition and the system parameters. Aiming at the urgent requirement of the performance reliability and the safety guarantee for MEHS, an effective power-based model of MEHS is established to analyze the distribution of the power. It is further observed that the input power of MEHS consists of four parts including the output power, the wasted power, the reversed power and CRKE. Among these parts, CRKE is related to the moment of inertia and the running state. On one hand, the increase of CRKE enlarges the input power of the system and degrades the energy-saving performance. On the other hand, the output characteristics are altered to be worse, which expresses the drastic fluctuation of the speed and the power. Therefore, lower the value of CRKE is able to improve the output characteristics and reduce the energy consumption.
(2) In this work, the running performance of MEHS from the inside aspect to the outside aspect is analyzed, which indicates that the change of running performance derives from the internal parameters and expresses as the external features such as ISF and efficiency. In other words, the proposed internal feature and external feature have extended the expression of CRKE. In addition, using the proposed method to extract KES and ISF, we can indirectly measure the magnitude of CRKE. On one hand, the proposed graphical detection method based on the Lissajous Figure converts the abstract concept of KES to a visual presentation. On the other hand, the change of ISF can be easily captured by employing the method of order tracking.
(3) The relationship between the internal feature and external feature plays an important role in the proposed CAM. According to the theoretical analysis, increasing KES will decrease the ISF of MEHS and improve the efficiency of the system. Based on the varying operation condition experiment, such a relationship is further verified by the experiment results. From the results shown in Figs. 10 and 11 , the increase of the system pressure enhances the KES loss from the inside aspect, while increases the ISF but decreases the efficiency of system from the outside aspect. Similarly, according to the results shown in Figs. 12 and 13 , the increase of the motor speed decreases the KES loss from the inside aspect so that the efficiency of the system is improved and the ISF is effectively restrained. Therefore, the lower KES loss is beneficial to improvement of the system efficiency and the reduction of ISF.
(4) In the engineering application, it is difficult to collect some signals such as flow, torque due to the invadingtype measurement. Therefore, the extraction of KES is also difficult since KES is the product of multi-signals fusion. However, the analysis of KES is essential to explain the reason for which the efficiency of the system and the ISF are changed. After all, it is expected that the ISF can be directly used. Moreover, the literature review has shown that the efficiency and ISF are related to the fault or reliability of the MEHS. Therefore, we will continue to study the relationship between the ISF and the initial fault of MEHS in the future works.
VII. CONCLUSION
Essentially, the process of the multi-domain energy conversion in MEHS follows the change of CRKE. In other words, CRKE carries abundant information revealing the running state and the performance of MEHS. According to the analysis results of the power distribution for MEHS, it is observed that a low-valued CRKE is beneficial in reducing the energy consumption and improving the output stationarity. This paper presents CAM using the internal and external features to characterize the CRKE indirectly. Firstly, KES is viewed as the internal feature. By the graphical detection method, the multi-source signals of MEHS are fused as the Lissajous Figure based on the technologies of the signal modulation and the information fusion. By analyzing the aforementioned graphical features, the KES loss among subsystems can be obtained. Secondly, an efficient method to achieve the sampling point counting and the order tracking are proposed, based on which the instantaneous speed of MEHS can be collected and ISF components can be extracted. Finally, the effectiveness of the proposed method is verified by the experiments with varying operation conditions. The experimental results show that the lower KES loss is able to improve the efficiency of the system and restrain the ISF. His research interests include hydraulic transmission and control, mechanical condition monitoring, and intelligent fault diagnosis.
